The isotope 236 Pu in the weapons-grade plutonium to be used in the US MOX (mixedoxide) plant is of concern because the daughter products of 236 Pu are sources of highenergy gamma rays. The 208 Tl daughter of 236 Pu emits intense, high-energy gamma rays that are important for radiation exposure calculations for plant design. It is generally thought that the concentrations of 236 Pu and its daughters are well below 10 -10
Introduction
The isotope 236 Pu in weapons-grade plutonium to be used in the US MOX (mixed-oxide) plant is of concern to plant designers because the daughter products of 236 Pu are sources of high-energy gamma rays. The daughter 208 Tl decays emitting several intense highenergy gamma rays that have a maximum energy of 2614 keV. The intensity of these high-energy gamma rays is important for radiation exposure calculations for plant design. It is generally thought that the concentrations of 236 Pu and its daughters are well below 10 -10 , but these concentrations are generally below the detection limits of most analytical techniques. One technique that can be used to determine the concentration 208 Tl is the direct measurement of the intensity of the 208 Tl gamma rays in the gamma-ray spectrum from plutonium. Thallium-208 gamma rays at 583, 860, and 2614 keV are visible in the gamma-ray spectrum from US weapons-grade plutonium.
Thallium-208 is at the end of the decay chain starting at 236 Pu and itself decays to stable 208 Pb. The characteristics of this decay chain are dominated by the first three elements in the chain. The longest half-life in the decay between 228 Th and 208 Tl is 3.6 days. Thallium-208 will be in equilibrium with 228 Th and may very well be in equilibrium with 232 U for most aged plutonium samples.
Measurement Approach
We have used the Los Alamos FRAM isotopic analysis [1] [2] [3] software to analyze dozens of archived high purity germanium (HPGe) detector gamma-ray spectra from various samples of US and foreign plutonium. With this software, we are able to quantify the ratio of minor isotopes with visible gamma-ray emissions to the major isotope of plutonium and, hence, through the measurement of the plutonium isotopic distribution of the sample, to elemental plutonium itself. These measurements are performed on arbitrary samples, in arbitrary measurement geometry. The measurements use fundamental nuclear constants in the analysis and do not require calibration.
Our archival spectra have been acquired over an energy range from 0 to 1024 keV and do not contain the 2614 keV gamma ray from 208 Tl. However, the 583 and 860 keV gamma rays of 208 Tl are present and detectable in most of the archival spectra. We express the daughter product concentration in terms of the ratio of 228 Th/Pu because 208 Tl is in decay equilibrium with 228 Th. Table I displays the emission percentages per decay of the strongest gamma rays from the decay of 228 Th and its daughters. We analyzed the 583 keV 208 Tl gamma ray because it is the most easily detectable gamma ray in the energy range from 0 to 1024 keV. The 212 Pb gamma ray at 238.6 keV is slightly more intense, but is much harder to detect because the background continuum is much higher at 238 keV than at 583 keV. The low level of the 208 Tl gamma-ray emissions and interference from other gamma rays complicate the analysis of the spectra in the 583 keV region. Over all of the spectra examined, we find three contributions in this region. They are listed in Table II . 
Analysis of Gamma Rays in 583 keV Region
The three gamma rays listed in Table II form a single broad peak and cannot be resolved visually. We analyze this region in the following manner: the component from 239 Pu at 582.89 keV is easily determined using the measured intensity of the companion gamma ray from 239 Pu at 645.94 keV and the known intrinsic intensities (branching ratios) and relative detection efficiencies of the two gamma rays. The component from 208 Tl at 583.187 keV is fit with a response function placed at that energy.
The peak fitting method used in the FRAM code is not sensitive enough to give accurate results for both the 22 Na (fluorine) and 208 Tl contributions if they are considered as free peaks. The two peaks are separated by only 0.16 keV (1.3 channels at the 0.125 keV/ch gain of the archival data). Therefore, we choose to ignore the fluorine, leaving the 583.187 keV 208 Tl peak as the only free peak in the fitting. The presence of fluorine will give a 208 Tl contribution that is too large-a "fail-safe" result for these analyses. The extra contribution from fluorine is easily seen when examining the details of the peak fitting at 583 keV. The figures below demonstrate the fitting for different fluorine and 208 Tl contributions. The graphs in Figs. 1-3 have a Y axis scale of counts and an X axis scale of channel number. The values at the extremes of both axes are noted in the figures. The text at the bottom of each window denotes the channel number, energy in keV, and counts at the channel of the cross hair "cursor" in each picture. 
Pu-236 Concentration-A Meaningless Specification
The US government's contract with the builders of the MOX plant specifies that the 236 Pu concentration in the plutonium input should be less than 10 -9 relative to plutonium. However, the 236 Pu concentration is meaningless because it is the 208 Tl daughter product concentration that is of importance. For most US weapons-grade plutonium, the 236 Pu concentration itself will have decayed by 2 to 4 orders of magnitude since its production because of its 2.85-year half-life. Weapons plutonium production stopped in 1988 in the US. By the planned 2007 startup date of the MOX plant, even this most recently produced plutonium will have a 236 Pu concentration 2 orders of magnitude less than when it was produced. A more pertinent specification would be the 232 U concentration, because its 72-year half-life is the rate-determining step for the 236 Pu decay. Note, however, that plutonium that has been reprocessed will have its 232 U removed, likely eliminating the major source for the 208 Tl isotope and its concomitant high-energy gamma rays. In general, the complex recycling process and lengthy time since production leaves only a small contribution from 208 Tl gamma emissions in most US weapons-grade plutonium.
Results
The results from the analysis of archival spectra are shown in Table III . The samples are grouped according to similar characteristics such as container, burnup of the plutonium, or impurity levels. We have analyzed all burnups available to us, although the weaponsgrade plutonium is of primary interest. We expect to see a higher 228 Th/Pu ratio as burnup increases. The ratios seen in the higher burnup plutonium provide a proof of principle for this study. The rather colloquial comments in the "Any Fluorine?" column can be viewed in the context of Figs. 1-4. Pu isotopic fractions, mostly weapons grade. These samples do not show any significant contribution from the fluorine (α,n) reaction, therefore, we believe that all of the 228 Th/Pu ratios are valid. The values of the ratio for weapons-grade plutonium range from none detectable to 3.4 e-12. At these levels, the 208 Tl daughter peaks are very, very weak and of no consequence whatsoever for dose considerations as seen in Fig. 5 . As seen in Table I, the  accompanying 2614 keV 208 Tl gamma ray of concern for dose calculations has an intrinsic intensity that is 36/30 times that of the 583 keV line marked in Fig. 5 . Samples 14-17 consist of PuO 2 packaged in Kel-F (polychlorotrifluoroethylene) vials. This plastic contains fluorine and the gamma-ray spectra from these four items shows a 583 keV peak contribution that is 2 to 3 orders of magnitude greater than most other samples. The FRAM analysis has not been configured to differentiate between the fluorine and the 208 Tl contributions, so the ratios for these four samples may not be used to characterize 228 Th/Pu. Note that sample 17 in this set contains the same plutonium as samples 12 and 13. Sample 17, influenced by the Kel-F vial, yields a 228 Th/Pu ratio that is more than 2 orders of magnitude greater than those measured for samples 12-13.
The next set of samples, 18-22, form a set of PuO 2 samples used for NDA analyses in NIS-5. The two highest burnup samples, 21-22, exhibit a somewhat higher ratio than the three lower burnup samples that closely bracket weapons-grade plutonium specifications. The two highest burnup samples have 228 Th/Pu ratios consistent with those for samples 10-11. Samples 23-26 form a set of internationally certified reference materials used for characterizing nondestructive plutonium isotopic measurements. Samples 23-24 are consistent with other low burnup plutonium. Samples 25-26 have significantly higher 228 Th/Pu ratios than any other valid data shown here. These ratios are believed to be real, i.e., no fluorine is present. These samples were produced in Europe, not in US production reactors, and have higher burnup than any other samples in the table. The spectrum of the highest burnup sample, 26, is shown in Fig. 6 . Samples 27-30 are part of a set of pure PuO 2 standards used in the NIS-5 training program. Although these have higher burnup than most of the other samples, they exhibit 228 Th/Pu ratios consistent with those from weapons-grade plutonium. Samples 31-34 have lower burnup than 27-30 but higher 228 Th/Pu values. These values are still only slightly higher than those from weapons-grade plutonium. 
Future Work
More spectra will be obtained from actual Advanced Recovery and Integrated Extraction System (ARIES) * product oxide. There is no reason to believe that the results will be any different, but the analysis of actual ARIES oxide will give us further confidence in these results.
Summary
We have analyzed gamma-ray spectra from 30 different plutonium-bearing items with the Los Alamos FRAM isotopic analysis software. The purpose of the analysis was to determine the fraction, relative to plutonium, of thorium daughters in the plutonium for application to radiation dose calculations. Excluding samples with fluorine in the sample vial, all samples (regardless of origin) analyzed with 240 Pu < 9% gave 228 Th/Pu ratios < 3.4 e-012 and all samples of US-produced plutonium including 240 Pu values up to 16.4% gave 228 Th/Pu ratios < 9.4 e-012. None of these values is significant from a radiation dose standpoint. * ARIES -Advanced Recovery and Integrated Extraction System. This is the Los Alamos demonstration process to be used to produce the PuO 2 .
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